Introduction
============

Skin cancer is the most common malignancy diagnosed in the United States, with 3.5 million melanomas diagnosed in 2 million individuals annually ([@b1-ol-0-0-4321]). Melanoma is a skin cancer characterized by the abnormal proliferation of melanocytes that invade the basement membrane ([@b2-ol-0-0-4321]). Although melanoma accounts for \<5% of skin cancers, it results in the highest number of mortalities ([@b1-ol-0-0-4321]--[@b3-ol-0-0-4321]). The lack of a therapeutic response in patients that receive the currently available treatments highlights the importance of an improved understanding of the complex molecular mechanisms that contribute to melanoma development.

MicroRNAs (miRNAs) are a family of noncoding RNAs \~22 nucleotides in length, which may suppress gene expression by pairing to the 3′-untranslated region (3′-UTR) of target messenger (m)RNAs ([@b4-ol-0-0-4321]--[@b6-ol-0-0-4321]). The extent of base pairing between miRNA and mRNA appears to determine the balance between the cleavage and degradation of mRNA ([@b7-ol-0-0-4321]). Currently, it is widely accepted that miRNA alterations are involved in the initiation and progression of human cancer ([@b4-ol-0-0-4321]). miRNA-33 (miR-33) is a newly characterized miRNA located within the intronic sequences of the sterol regulatory element-binding protein (SREBP) genes, which regulate cholesterol and fatty acid metabolism in combination with their host genes ([@b8-ol-0-0-4321]--[@b11-ol-0-0-4321]). There are two miR-33 genes in humans, consisting of miR-33a and miR-33b. miR-33a and miR-33b are localized in corresponding introns of the SREBP2 and SREBP1 genes, respectively. Previous studies have focused on the metabolic function of miR-33. The role of miR-33 in tumor biology has been identified ([@b12-ol-0-0-4321]--[@b15-ol-0-0-4321]), yet its function in melanoma remains unclear.

PCTAIRE1, also termed cyclin-dependent kinase 16 (CDK16), is a serine/threonine kinase that was originally identified as a cyclin dependent kinase 1-like kinase ([@b16-ol-0-0-4321],[@b17-ol-0-0-4321]). It has been reported that PCTAIRE1 is involved in vesicular exocytosis, protein secretion, neuronal migration, neurite outgrowth and spermatogenesis ([@b18-ol-0-0-4321]--[@b21-ol-0-0-4321]). A recent study revealed that PCTAIRE1 phosphorylates p27 and promotes tumorigenesis in liver and breast cancer ([@b22-ol-0-0-4321]). The present study investigated the potential role of miR-33a in melanoma, and identified that the miRNA acts as a tumor suppressor.

Materials and methods
=====================

### Cell lines

Human melanoma SK-MEL-1 and WM-115 cell lines were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and maintained in Eagle\'s minimum essential medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.). Primary epidermal melanocytes (ATCC; PEMI, catalog number PCS-200-012™; PEM2, PCS-200-013™) were maintained following ATCC protocol.

### Lentivirus infection

Pre-miR-33a expression and negative control lentivirus was obtained from GeneChem Co., Ltd. (Shanghai, China). SK-MEL-1 and WM-115 cells were plated on a 6-well plate (Corning Incorporated, Corning, NY, USA) and lentivirus was added in medium with 5 µg/ml polybrene (Solarbio Science & Technology Co., Ltd., Beijing, China). After 12 h, the media was replaced with fresh medium. Stable infection cell strains were selected by puromycin (Solarbio Science & Technology Co., Ltd.) 48 h subsequent to infection.

### Colony formation assay

SK-MEL-1 and WM-115 cells infected with miR-33a or negative control lentivirus were plated on a 6-well plate (500 cells/well). Medium was refreshed every 2 days. The cells were fixed and stained with 0.1% crystal violet in Eagle\'s minimum essential medium (Solarbio Science & Technology Co., Ltd.), and 2 weeks later, the colonies containing \>50 cells were counted as a colony. Colonies were counted in 5 fields of view at a magnification of x40 using a light microscope (BX51; Olympus Corporation, Tokyo, Japan). Experiments were performed ≥3 times independently.

### Cell proliferation

Cell proliferation was examined using a bromodeoxyuridine (BrdU) incorporation assay and anaphase analysis. The BrdU incorporation rate was measured by a BrdU Cell Proliferation ELISA kit (Abcam, Cambridge, UK), following the manufacturer\'s protocol. For anaphase analysis, the number of cells and the number of cells in anaphase were detected by 4′,6-diamidino-2-phenylindole staining (Solarbio Science & Technology Co., Ltd.) and were counted in 3 ﬁelds of view per well at a magnification of x20 using an Olympus IX83 microscope (Olympus Corporation).

### Luciferase reporter assay

For the luciferase activity assay, a wild-type 3′-UTR segment of PCTAIRE1 was cloned into a pmirGLO plasmid (Promega Corporation, Madison, WI, USA). The mutated sequence in the complementary site for miRNA-33a was generated by site-specific mutagenesis. All transfections were performed using Invitrogen Lipofectamine® 2000 (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. The cells were plated on a 24-well plate (Corning Incorporated) and co-transfected with either a wild-type or mutant 3′-UTR segment of PCTAIRE1 and a *Renilla* luciferase reporter (Promega Corporation). In total, 48 h subsequent to transfection, luciferase activity was measured by a dual-luciferase reporter assay system (Promega Corporation). *Renilla* luciferase activity was used as an internal reference. Experiments were performed ≥3 times independently.

### Extraction of mRNA and miRNA and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA samples were isolated using the RNA Mini kit (Qiagen China Co., Ltd., Shanghai, China). An Applied Biosystems Taqman miRNA assay kit and Taqman miRNA assay (Thermo Fisher Scientific, Inc.) were used to quantify the expression of mature miRNAs, according to the manufacturer\'s protocol. Fold changes were calculated using the ΔΔCq method ([@b23-ol-0-0-4321]). The Taqman miRNA assay was used to quantify mature miRNA expression. U6 miRNA was used as an internal reference for miRNA expression. mRNA expression was measured by RT-qPCR using the Applied Biosystems Taq Man Universal PCR Master Mix (Thermo Fisher Scientific, Inc.). Samples were analyzed using Applied Biosystems StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific, Inc.).

### Protein extraction and western blot assay

Whole-cell protein lysates were prepared by removing the medium, washing the cells with phosphate-buffered saline (Gibco; Thermo Fisher Scientific, Inc.), scraping the cells from the plates and pelleting the cells by centrifugation at 700 × g for 10 min (Centrifuge 5418R; Eppendorf North America, Hauppauge, NY, USA). The cell pellets were resuspended in radioimmunoprecipitation assay buffer (Solarbio Science & Technology Co., Ltd.), which contained a protease inhibitor cocktail and a phosphatase inhibitor cocktail (Roche Diagnostics, Basel, Switzerland). Subsequent to protein lysis, western blot analysis was performed. Primary monoclonal rabbit anti-human PCTAIRE1 antibody (dilution, 1:1,000; catalog no., 4852) and rabbit anti-human p27 antibody (dilution, 1:1,000; catalog no., 3686) were purchased from CST Biological Reagents Co., Ltd. (Shanghai, China). Polyclonal rabbit anti-human p27 KIP1 antibody (phospho T187; dilution, 1:1,000; catalog no., ab75908) was obtained from Abcam and polyclonal rabbit anti-human glyceraldehyde 3-phosphate dehydrogenase antibody (dilution, 1:10,000; catalog no., G9545) was from Sigma-Aldrich (St. Louis, MO, USA).

### Statistical analysis

The significance of differences was analyzed using two-tailed Student\'s *t*-test using Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA). All data are presented as the mean ± standard deviation from ≥3 separate experiments. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-33a is downregulated in melanoma cells and negatively regulates cell proliferation

To explore the functional role of miR-33a, the present study first examined the expression of miR-33a in melanocyte and melanoma cell lines. The RT-qPCR assay results revealed that miR-33a exhibited decreased expression in melanoma cell lines, particularly in SK-MEL-1 and WM-115 cells, compared with melanocyte cells ([Fig. 1A](#f1-ol-0-0-4321){ref-type="fig"}). These results indicate that miR-33a may be lost in melanoma development. The present study infected SK-MEL-1 and WM-115 cells with miR-33a-expressing lentivirus. miR-33a overexpression was confirmed by an RT-qPCR assay ([Fig. 1B](#f1-ol-0-0-4321){ref-type="fig"}) and a colony formation assay was performed. As revealed in [Fig. 1C and D](#f1-ol-0-0-4321){ref-type="fig"}, the infection of miR-33a-expressing lentivirus significantly suppressed colony numbers and the size of SK-MEL-1 and WM-115 cells. These results suggest that miR-33a may affect tumorigenesis of melanoma cells. Furthermore, the present study aimed to investigate the effect of miR-33a overexpression on the proliferation of melanoma cells. To investigate the effect of miR-33a on cell proliferation, a BrdU incorporation assay was performed. In SK-MEL-1 and WM-115 cells, miR33a overexpression significantly reduced the BrdU incorporation rate ([Fig. 1E](#f1-ol-0-0-4321){ref-type="fig"}), which demonstrated that cell proliferation was suppressed. Anaphase analysis was also performed to confirm the suppressive role of miR-33a on proliferation. Similarly, miR-33a-overexpressing cells exhibited decreased anaphase cell numbers compared with the negative control cells ([Fig. 1F](#f1-ol-0-0-4321){ref-type="fig"}). Overall, the present data indicate that miR-33a has a tumor suppressive role in melanoma cells.

### miR-33a targets the 3′-UTR of PCTAIRE1 mRNA and downregulates PCTAIRE1 expression in melanoma cells

miRNAs exert their biological functions by marking the target transcript for degradation ([@b24-ol-0-0-4321]). To determine potential miR-33a targets involved in melanoma proliferation, the present study used a combination of bioinformatic tools for miRNA target prediction. TargetScan (Whitehead Institute for Biomedical Research, Cambridge, MA, USA; available from <http://www.targetscan.org/>), PicTar (Center for Comparative Functional Genomics, New York, NY, USA and the Max Delbruck Centrum, Berlin, Germany; available from <http://pictar.mdc-berlin.de/>) and miRanda (Memorial Sloan-Kettering Cancer Center, New York, NY, USA; available from <http://www.microrna.org/microrna/home.do>) algorithms were used to predict miR-33a targets. PCTAIRE1 was revealed as a potential miR-33a target ([Fig. 2A](#f2-ol-0-0-4321){ref-type="fig"}), and has been reported as a cell cycle regulator in hepatocellular carcinoma and breast cancer ([@b12-ol-0-0-4321]). Therefore, the present study hypothesized that miR-33a may inhibit melanoma proliferation by directly targeting PCTAIRE1. To determine whether miR-33a targets this predicted target gene, the present study generated reporter constructs with the luciferase coding sequence fused to the wild-type or mutant miR-33a binding sequence of PCTAIRE1 3′-UTRs ([Fig. 2A](#f2-ol-0-0-4321){ref-type="fig"}). Melanoma cells infected with miR-33a-expressing lentivirus or negative control lentivirus were transfected with reporter constructs. The present results demonstrated that miR-33a overexpression significantly repressed the activity of the wild-type reporter construct in SK-MEL-1 and WM-115 cells ([Fig. 2B](#f2-ol-0-0-4321){ref-type="fig"}). Furthermore, miR-33a had no repressive effect on reporter vectors carrying the mutated PCTAIRE1 3′-UTR ([Fig. 2B](#f2-ol-0-0-4321){ref-type="fig"}). These results indicate that miR-33a may directly interact with the PCTAIRE1 3′-UTR. To confirm the negative effect that miR-33a exerts on PCTAIRE1 expression, the present study examined PCTAIRE1 expression in cells overexpressing miR-33a and negative control cells. As revealed by [Fig. 2C and D](#f2-ol-0-0-4321){ref-type="fig"}, the mRNA and protein forms of PCTAIRE1 were downregulated following miR-33a overexpression. Together, the present data suggest that PCTAIRE1 is a target of miR-33a.

### miR-33a suppresses p27 phosphorylation and upregulates p27 expression in melanoma cells by targeting PCTAIRE1

p27 is a tumor suppressor that regulates the proliferation, motility and apoptosis of cells ([@b25-ol-0-0-4321]). A recent study demonstrated that PCTAIRE1 phosphorylates p27 and enhances the degradation of p27, therefore promoting cell proliferation ([@b22-ol-0-0-4321]). The present study hypothesized that miR-33a may exert its tumor suppressive function by preventing PCTAIRE1-induced phosphorylation of p27. To test this hypothesis, the present study first examined whether p27 expression was controlled by miR-33a. As expected, RT-qPCR revealed that p27 transcripts were highly upregulated in melanoma cells infected with miR-33a-expressing lentivirus compared with cells infected with negative control lentivirus ([Fig. 3A](#f3-ol-0-0-4321){ref-type="fig"}). In accordance with these results, a western blot assay confirmed the upregulated protein expression of PCTAIRE1 following miR-33a overexpression ([Fig. 3B](#f3-ol-0-0-4321){ref-type="fig"}). Phosphorylation of p27 leads to its degradation and promotes the activation of assembled cyclin D-cyclin dependent kinases ([@b25-ol-0-0-4321]). Therefore, the present study examined the phosphorylation state of p27. The present results demonstrated that cells overexpressing miR-33a exhibited less phosphorylated p27 compared with negative control cells ([Fig. 3B](#f3-ol-0-0-4321){ref-type="fig"}). Furthermore, the present study examined whether miR-33a modulates p27 phosphorylation and accumulation by targeting the PCTAIRE1 gene. The present study overexpressed PCTAIRE1 in cells overexpressing miR-33a by transfecting the miR-33a cells with a PCTAIRE1 expression plasmid. RT-qPCR and a western blot assay were performed to confirm PCTAIRE1 overexpression ([Fig. 3C and E](#f3-ol-0-0-4321){ref-type="fig"}). As expected, enforced PCTAIRE1 expression reversed miR-33a induced p27 accumulation ([Fig. 3D and E](#f3-ol-0-0-4321){ref-type="fig"}). p27 phosphorylation was also upregulated ([Fig. 3E](#f3-ol-0-0-4321){ref-type="fig"}). Overall, the present data indicate that miR-33a may regulate p27 by targeting PCTAIRE1, and therefore may inhibit cell proliferation.

### PCTAIRE1 overexpression reverses miR-33a-induced colony formation and cell proliferation inhibition

The aforementioned results indicate that miR-33a may demonstrate tumor suppressor activity by downregulating PCTAIRE1 and upregulating p27. To investigate this hypothesis, the present study overexpressed PCTAIRE1 in cells overexpressing miR-33a ([Fig. 3C and E](#f3-ol-0-0-4321){ref-type="fig"}) and a colony formation assay was performed. As expected, in SK-MEL-1 and WM-115 cells, PCTAIRE1 overexpression significantly reversed the miR-33a-induced tumor suppressive effects ([Fig. 4A](#f4-ol-0-0-4321){ref-type="fig"}). Furthermore, the BrdU incorporation rate was increased following PCTAIRE1 overexpression ([Fig. 4B](#f4-ol-0-0-4321){ref-type="fig"}). In addition, the number of cells in anaphase was also increased in PCTAIRE1-overexpressing cells ([Fig. 4](#f4-ol-0-0-4321){ref-type="fig"}). Overall, the present results confirmed that miR-33a demonstrates tumor suppressive activity by targeting PCTAIRE1.

Discussion
==========

miR-33a has been previously identified as a lipid regulator that controls the cellular balance of cholesterol and fatty acid metabolism ([@b8-ol-0-0-4321]--[@b11-ol-0-0-4321]). The present study demonstrated that miR-33a is downregulated in melanoma cells compared with melanocytes. Knockdown of miR-33a enhanced colony formation and cell proliferation in melanoma cells. Therefore, the present study reveals that miR-33a acts as a novel tumor suppressor in melanoma.

PCTAIRE1 is widely expressed in human tissue and certain studies suggest that PCTAIRE1 participates in various biological processes, including insulin secretion, secretory cargo transport and dendrite development ([@b19-ol-0-0-4321],[@b20-ol-0-0-4321],[@b26-ol-0-0-4321]). The role that PCTAIRE1 plays in tumor progression has been recently revealed; PCTAIRE1 phosphorylates p27 and regulates mitosis in cancer cells ([@b22-ol-0-0-4321]). However, the mechanism by which PCTAIRE1 is regulated is unclear. Although certain miR-33a targets have been identified, its direct target in melanoma and the mechanism by which miR-33a exerts its tumor suppressive behavior remains unknown. The present study demonstrated that PCTAIRE1 is negatively regulated by the novel miRNA miR-33a. By performing a luciferase reporter assay and western blot assays, the present study demonstrated that miR-33a directly targets PCTAIRE1 in human melanoma SK-MEL-1 and WM-115 cells. These results provide novel information concerning the mechanisms by which miR-33a and PCTAIRE1 act.

p27, also termed KIP1 or p27^kip^, is a one of the most widely studied tumor suppressors ([@b25-ol-0-0-4321]). It has been reported that p27 regulates cell proliferation, motility and apoptosis ([@b25-ol-0-0-4321],[@b27-ol-0-0-4321]--[@b29-ol-0-0-4321]). The present study revealed that p27 is upregulated by miR-33a, and this may be due to miR-33a reducing the level of phosphorylated p27. Furthermore, the present study confirmed that PCTAIRE1 negatively regulates p27 expression in melanoma cells and the effects of miR-33a on p27 may be dependent on miR-33a directly targeting PCTAIRE1.

In summary, the present analysis reveals that miR-33a is an important negative regulator of cell proliferation. In addition, the present study demonstrated that PCTAIRE1 is a target of miR-33a in melanoma cells. Furthermore, miR-33a maintains p27 expression by targeting PCTAIRE1. Overexpression of PCTAIRE1 reversed the miR-33a-induced suppression of cell proliferation. Overall, the present findings indicate that miR-33a acts as a tumor suppressor in melanoma cells.

![miR-33a is downregulated in melanoma cell lines and suppresses cell proliferation. (A) The expression pattern of miR-33a in various melanocyte and melanoma cell lines was examined by RT-qPCR. (B) Human melonoma SK-MEL-1 and WM-115 cells were infected with miR-33a-expressing or negative control lentivirus. The overexpression efficiency of miR-33a was examined by RT-qPCR. (C and D) Stable melanoma cells overexpressing miR-33a and negative control cells were subjected to colony formation assay. (C) Representative colonies of SK-MEL-1 cells. (D) Relative colony numbers exhibted by histogram. To investigate the impact of miR-33a on cell proliferation, melanoma cells infected with miR-33a expressing and negative control lentivirus were subjected to (E) BrdU incorporation assay and (F) anaphase analysis. Error bars indicate the standard deviation. Experiments were performed three times. \*\*P\<0.01. miR-33a, microRNA-33a; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; BrdU, bromodeoxyuridine.](ol-11-04-2741-g00){#f1-ol-0-0-4321}

![PCTAIRE1 is a direct target of miR-33a in melanoma cells. (A) Putative miR-33a complementary site in the 3′-UTR of PCTAIRE1 mRNA. A mutated 3′-UTR of PCTAIRE1 mRNA for the miR-33a complementary site was generated. (B) Melanoma cells infected with miR-33a expressing and negative control lentivirus were co-transfected with luciferase reporter plasmid with either WT or MUT and *Renilla* luciferase reporter. In total, 48 h later, luciferase activity was measured and *Renilla* luciferase activity was used as an internal reference. (C and D) The effect of miR-33a on PCTAIRE1 expression was measured by (C) western blot assay and (D) reverse transcription-quantitative polymerase chain reaction. Error bars indicate the standard deviation. Experiments were performed three times. \*\*P\<0.01. miR-33a, microRNA-33a; mRNA, messenger RNA; UTR, untranslated region; WT, wild-type; MUT, mutant PCTAIRE1 3′-UTR.](ol-11-04-2741-g01){#f2-ol-0-0-4321}

![miR-33a suppresses p27 phosphorylation and upregulates its expression in melanoma cells by targeting PCTAIRE1. (A and B) p27 expression and p27 phosphorylation in cells overexpressing miR-33a or negative control cells were measured by (A) RT-qPCR and (B) western blot assay. (C and D) Cells overexpressing miR-33a were transfected with PCTAIRE1 or a vector construct. In total, 48 h later, RT-qPCR was used to examine (C) PCTAIRE1 mRNA expression and (D) p27 expression and phosphorylation alteration. (E) Western blot assay of p27 expression and phosphorylation. Error bars indicate the standard deviation. Experiments were performed three times. \*\*P\<0.01. miR-33a, microRNA-33a; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; mRNA, messenger RNA; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](ol-11-04-2741-g02){#f3-ol-0-0-4321}

![PCTAIRE1 overexpression reversed miR-33a-induced colony formation and cell proliferation inhibition. Cells overexpressing miR-33a were transfected with PCTAIRE1 or a vector construct. The cells were subjected to (A) colony formation assay, (B) BrdU incorporation assay or (C) anaphase analysis. Error bars indicate the standard deviation. Experiments were performed three times. \*\*P\<0.01. miR-33a, microRNA-33a; BrdU, bromodeoxyuridine.](ol-11-04-2741-g03){#f4-ol-0-0-4321}
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